Laboratory experiments have shown benthic macroinvertebrates to be capable of consuming heterotrophic organisms which develop on decomposing terrestrial leaves. Questions remain, however, as to whether these microbial biofilms represent a significant energy source to macroinvertebrates within the natural environment compared to that supplied by leaf substrates themselves. A compilation of literature data on field measurements of stable nitrogen isotope ratios for herbivorous macroinvertebrates suggests that assimilation of microbial biofilms may be the principle means by which allochthonous organic matter enters freshwater detrital food webs. 
INTRODUCTION
Freshwater benthic macroinvertebrates rely upon both autochthonous (Minshall 1978) and allochthonous (Cummins 1974 ) sources of energy for sustenance (France 1995a (France , 1998a . Allochthonous leaves falling into streams and lakes go through a characteristic series of stages during decomposition: initial chemical leaching, followed by microbial conditioning, and then mechanical or biological breakdown (Webster and Benfield 1986) . During their conditioning stage, leaves become covered with a complex "biofilm" composed of a diverse association of fungal and bacterial components (Kaushik and Hynes 1971 , Barlocher and Kendrick 1975 , Suberkropp and Klug 1976 , Moran and Hodson 1989 , Gulis and Suberkropp 2003 . As to whether the energy source available to detritivorous macroinvertebrates is the physical substrate of the plant tissue itself or is rather the biofilm layer developing atop that substrate, is unclear (Cummins 1974 , Baker and Bradnam 1976 , Levinton et al. 1984 , Boulton and Boon 1991 . The purpose of the present exploratory investigation was to compile literature data on the stable nitrogen isotope ratios for freshwater zoobenthos to investigate the means by which allochthonous detritus might become incorporated into littoral and lotic food webs.
A great advantage in using the stable isotope analysis over the traditional gut content analysis in the tracing of food pathways, apart from its relative logistic ease, is the ability to distinguish between the actual assimilation and simple ingestion (Peterson and Fry 1987) . With regard to nitrogen, a fractionation occurs between 14 N and 15 N during assimilation (DeNiro and Epstein 1981) , such that analysis of σ 15 N (ratio of 15 N/ 14 N expressed as deviations from the recognized standard in parts per thousand) can provide valuable information about the structure of food webs (Fry 1991 . Compilation of data from laboratory feeding experiments and food web studies on freshwater organisms have indicated that an average enrichment of about 3‰ in 15 N occurs per trophic category (despite taxon-specific fractionation differences caused by variable diet and the physiological condition, metabolism and sample tissues of consumers) due to discrimination between the isotopes through excretion (Owens 1987 , Peterson and Fry 1987 , Vander Zanden and Rasmussen 2001 , Post 2002 , Vanderklift and Ponsard 2003 . Microbial activity will also alter 15 N abundance (Wellman et al. 1968 , Delwiche and Steyn 1970 , DeNiro and Epstein 1981 , Macko and Estip 1984 , and because nitrogenrich exudation products from microbial growth accumulate within the detritus matrix (Odum et al. 1979, Rice and Hanson 1984) , σ 15 N values of leaves (and their biofilm) will consequently increase during conditioning and decomposition in oxygenated waters (Turner et al. 1983; Mihuc and Toetz 1994, Hicks and Laboyrie 1999; R. France, unpubl. data) . A similar relationship also happens during the microbial degradation of algal (Saino and Hattori 1980 , Libes and Deuser 1988 , Schaefer and Ittekkot 1993 , Lehmann et al. 2002 and frequently macrophyte (Melillo et al. 1989 , Caraco et al. 1998 detritus.
The objective of this study, which is admittedly exploratory in nature, is twofold: (1) in the long-term perspective, to encourage the future and specific use of σ 15 N analysis as a means of more thorough investigation into the role of detritus and microbial processes in food webs (e.g. Findlay and Tenore 1982; France et al. , 1998b Boak and Goulder 2000; Baldy et al. 2002; McGoldrick et al. 2008) ; and (2) in the meantime, to challenge the belief that macroinvertebrate reliance upon microbial biofilms for nutrition may be only an old-fashioned "misconception" (Boulton and Boon 1991) .
METHODS
The possibility exists that σ 15 N analysis can be used to investigate the predominate energy source utilized by benthic macroinvertebrates. Specifically, if macroinvertebrates assimilate plant material directly, then their 15 N levels should be enriched by about 3‰ (i.e. the trophic fractionation factor) compared to those of plants. Alternatively, if it is the microbial biofilm rather than the plant substrate, which is the preferred food source, macroinvertebrates should be enriched a further 3‰ 15 N, for a total displacement of about 6‰ above the σ 15 N value recorded for plants. To test the relative utilization of these alternate energy pathways, literature σ 15 N values for macroinvertebrates were obtained from published tables and figures with a digitizing reader. Broadscale patterns observed through the compilation and secondary analysis of the published stable isotope data have previously proven useful in the elucidation of hypotheses concerning the energy flow in aquatic food webs. For the present analyses, original data sources are compiled and listed in France (1994 France ( , 1997a , and France and Peters (1997) . In addition to the seventy six measurements of σ 15 N for the identified detritivorous and algivorous macroinvertebrates from lotic and lentic environments obtained from the literature, a further thirty six such measurements were obtained for similar shredding and scraping herbivorous macroinvertebrates , France 1996b collected from cores and traps (France 1997b) , as well as litterfall colonization bags (France 1997c (France , 1998b ) in a group of boreal forest lakes (Steedman 2000 (Steedman , 2003 coincident with determinations of their σ 13 C as described in France (1995a France ( , 1996b France ( , 1997d France ( , 1998b ). The precise identification of macroinvertebrates can be found in the original studies. In both cases, the 110 σ 15 N measurements used in the present secondary analysis are but a small subset of the totals available from these sources in that they were specifically selected to include only those organisms which displayed σ 13 C values between -26 and -30‰, corresponding to a diet of terrestrial organic matter and/or of either attached lotic or filamentous lentic algae (France 1996c (France , 1995c .
RESULTS AND DISCUSSION
Because aquatic plants are on average enriched by about 3‰ in 15 N compared to their terrestrial counterparts (France 1995b) , it becomes possible to distinguish between autochthonous and allochthonous herbivory and energy flow (France 1997d) . Freshwater algae range in σ 15 N from -3 to +9‰ with a mean of 3‰ (France 1995b) . Given the average 3‰ fractionation which occurs per trophic category with assimilation and excretion, the expected distribution of σ 15 N for algivorous zoobenthos should therefore range from 0 to +12‰ centered around a mean of +6‰ (Fig. 1) . This potential scenario is analogous to that which occurs within the pelagic food web wherein herbivorous zooplankton display σ 15 N values of about +6‰ (France 1994 ), three units above those of their phytoplankton food source (France et al. 1996) . In contrast, terrestrial (non-coastal, non-xeric, nonagricultural) plants range in σ 15 N from -7 to +9‰ with a mean of 0‰ (France 1995b) . The expected distribution of σ 15 N for macroinvertebrates assimilating these plants should therefore range from -4 to +12‰ centered around mean of +3‰ (Fig. 1) . If, however, the macroinvertebrates are primarily assimilating biofilm organisms rather than plant substrates, their σ 15 N values would be expected to range from -2 to +14‰ centered around a mean of 6‰; i.e. one trophic category higher and therefore ostensively indistinguishable from the distribution pattern expected for algivores.
Herbivorous macroinvertebrates from the literature (compiled in France 1994 , 1997a , and France and Peters 1997 and from the study lakes (France 1996a ) exhibit a 12‰ range in σ 15 N (Fig. 2) . This is a reflection of both the variable nature of food source σ 15 N, be it of either allochthonous or autochthonous origin (France 1997d) , as well as omnivory (France 1997a ) which precludes the ascription of any organism to an absolute trophic "level" rather than a gradation of idiosyncratic trophic "positions" . Nevertheless, despite the range in σ 15 N observed for macroinvertebrates, illative conclusions N variability observed for autochthonous (algae, n = 188) and allochthonous (terrestrial plants, n = 195) food sources (France 1995b) increased by trophic fractionation of 3‰ for herbivores/detritivores and 6‰ for microbial biofilm consumers as described in the text. N for detritivorous and algivorous macroinvertebrates (n = 110) obtained from the literature data sources identified in France (1994 France ( , 1997a and France and Peters (1997) combined with data from boreal lakes from France et al. (1998a) and France (1996a) .
can still be reached regarding the relative importance of either plant or biofilm sustenance.
The realized distribution in σ 15 N for herbivorous macroinvertebrates more closely resembles those expected for either biofilm or algae assimilation than it does for that expected for plant assimilation. Over 70% of the macroinvertebrates displayed σ 15 N values greater or equal to +6‰, a finding which compares well with the similarly derived levels of 70% and 50% expected respectively had either biofilm or algae been assimilated. In contrast, had terrestrial plants been the major food source for zoobenthos, less than 15% of the animals would have been expected to have σ 15 N values exceeding or equal to +6‰, a result which is clearly not realized. Likewise the observation that less than 10% of zoobenthos examined had σ 15 N values below +2‰, is more concordant with the expected frequency distributions of biofilm or algae assimilation (less than 25% of the animals below +2‰) than it is with that expected had terrestrial plants been assimilated (almost three-quarters of the animals expected to be below +2‰). Cummins (1974) drew the anthropomorphic analogy that consumption of plant substrates by detritivorous macroinvertebrates resembles the ancillary ingestion of nutritionally unsuitable "crackers". In this respect, he likened the nutritional dependence of zoobenthos on microbial biofilms growing upon leaves to the human assimilation of "peanut butter" atop crackers, the latter being consumed and excreted without substantive assimilation. Whereas the present compilation of literature data on σ 15 N alone is insufficient to indicate whether it is algae or biofilm that is most important for fueling benthic food webs, what can be stated is that the data offer support for Cummins' contention that macroinvertebrates may be unlikely to rely, to any appreciable degree, upon the direct and sole assimilation of leaf material. The present results are therefore contrary to some views that detrital food webs do not require an intermediate microbial link (Findlay et al. 1984 (Findlay et al. , 1986 , but are supportive of other work that has demonstrated the importance of biofilm assimilation for shredders (Adams and Agelovric 1970 , Kaushik and Hynes 1971 , Baker and Bradnam 1976 , Kostalos and Seymour 1976 , Barlocher 1985 , Hall and Meyer 1998 .
There are several, not unsubstantial, limitations to the present exploratory investigation which have to be addressed before anything more than an illative conclusion of microbial biofilm assimilation can be advanced as being the premier pathway for sustaining detritivorous macroinvertebrates. First, the possibility exists that the σ 15 N measurements in Fig. 2 may in some way be unrepresentative of the herbivorous zoobenthos as a whole. And second, field-collected data are not the best way to test hypotheses concerning alternate pathways of allochthonous energy flow due to both the overlap between the σ 15 N signatures of algal herbivores and microbial grazers, as well as the variable signatures for terrestrial plants themselves. Measurements of σ 15 N from laboratory experiments utilizing uniform leaves exposed to antibiotics or autoclaving in the absence of prolific algal growth, would go far toward aiding in understanding the relative roles of biofilm and terrestrial plants in providing energy sustenance to benthic macroinvertebrates. For example, Findlay and Tenore (1982) experimentally used nitrogen stable isotopes to estimate pathways of nitrogen flow to detritivores from marine seaweeds. Similar work with terrestrial leaf litter and associated aquatic microbial communities are needed. One study in this regard stands out. Significantly, McGoldrick et al. (2008) used σ 13 C analysis to unequivocally identify the importance of bacterial assimilation for a particular species of macroinvertebrate detritivore. Further, and in support of the present contention, this laboratory study also showed that the σ 15 N values of the detritivore were, as would be expected from a predominate assimilation of bacteria, closer to 6 rather than to 3‰ above the values of the plant substrate.
